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INTRODUCTION 
Apnea monitors are devices most commonly used .to detect 
life threatening episodes in both adults and infants with 
respiratory problems. The physician's decision for such 
patients heavily depends on the data he gets from the 
monitors, so accurate anq reliable information is expected 
from the apnea monitors. 
In the case of infants, apnea monitors are primarily 
used for detection of. apnoeic attack, the absence of 
respiration for a period of time. Obviously, arterial 
oxygen tension (Pao2) monitoring would be of great importance 
bE;?cause the results are direct, accurate, and reliable. But, 
since. incision and catheterization are involved, other threats 
to the life of the infant, like infection and hemorrhage, may· 
-appear. It is logical, therefore, to look for other tech-
n~ques which provide data reliable as Pao2 monitoring, and yet 
which require no invasion of the body. 
Plethysmographs and monitor pads are now commonly used 
in hospitals. They detect changes in the volume of the chest 
or tl:le changes in the resistance of the tissue between a 
pair of electrodes placed on the chest. These techniques 
lack th.e invasive disadvantages of Pao2 monitoring, but 
they have their own disadvantages, such as electrode inter-
ference, skin irritation, and fall in Pao2 due to handling 
of.the infant for routine care. 
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Infants' Pa02 .levels usually fall considerably when 
they are disturbed. These Pao2 decreases are observed even 
during routine handling of the baby such as changing the 
under-sheet in the incubator, feeding the baby or attaching 
an electrode to the baby for observation. of respiratory 
or heart rate. Sometimes these decreases in Pao2 necessi-
tate respiratory support. 
In order not to disturb the infant, contactless apnea 
monitors, such as air-filled mattresses or capacitance 
change detectors were devised. These monitors and other 
~imilar ones detect movements due to respiration rather theyn 
respiration itself. Thus, in cases where the upper airway 
is blocked, according to Hering-Breuer Reflex theory, the 
infant would make an effort for respiration even though 
there is not true respiration. These cases are not de~ 
·tected by contactless monitors. Furthermore, some of these 
techniques like air-filled mattresses, can be used only·,for 
a short time period; and some others such as capacitance-
change detectors are particularly sensitive to moving objects 
around the baby also. 
In this thesis, a novel con tactless. technique for 
monitoring apnea is described which lacks most of the dis-
advantages of other contactless monitors, and, with the help 
of a minicomputer,· detects' upper airway occlusion. 
This technique utilizes a pair of ultrasonic air 
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pressure transducers. functioning as a transmitter and a re-
ceiver. The transmitter sends pressure waves _(40 KHz) toward 
chest of the infant, and the second transducer picks ~p the 
reflected waves. An electronic circuit connected to the 
transduc.ers .detects the phase shift of the reflected waves 
with respect to the transmitted waves, When the chest wall 
is moving, the phase shift changes, and when there is no 
chest wall movement the phase shift remains constant, a 
condition which is detected' and used to trigger an ala:i;m. 
The computer section of this technique is for detec-
tion of upper airway occlusion (U.A.O.). The waveform of.the 
. . : ' 
chest wall movement during U.A.O. is considerably different 
from the normal waveform. The computer continuously 
processes the waveform and turns on the alarm when the 
specific changes of U.A.O. in the waveform appear. 
Fo:t primary testing of this monitor, a respiration 
p~mp was used. A plate attached to the piston of the pump 
was ~sed as a reflector. When the piston was stopped, the 
alarm. sounded. 
For further evaluation of this technique, animal 
trials were instituted. The subjects were young mongrel 
dogs ranging from 5 to 10 lbs. The dogs were anesthetized 
to prevent body movements. A thermistor was placed in the 
lumen of an endotracheal tube and then the dog was intubated. 
Conventional respiration waveforms from a the~mistor bridge 
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were then taken. Though the waveforms from the two methods 
were. 'not exactly the same, both indicated respiration very 
wel~. During these trials, the buzzer of the contactless monitor 
never sounded, i.e., no false alarm was observed. 
To verify the ·validity of the computer program, the ' . . 
endotracheal tube was clamped (artificial U.A.O.) several . . 
times. The computer detected the occlusion in most of the 
trials. 
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LITERATURE REVIEW 
Apnea and Causes 
Apnoeic attack, defined as the absence of the breathin'g 
for a period of more than 20 seconds (1), is a major threat 
to 'the lives of infants of very short gestational (life in 
the uterus) age (2). The condition has a high mortality 
rate ~md is likely to be a possible cause of ·hypoxic brain 
damage. among survivors (3). 
Apnoeic attacks should not be mistaken with Sudden 
Infant Death Syndrome (SIDS) which has been established as 
a distinct disease entity (4, 5). In a significant propor-
tion of SIDS cases viral infection is present. In addition, 
most cases of SIDS occur between 4 and 16 weeks, suggesting 
spme physiological vulnerability during this age period (6), 
while apnoeic attack is usually seen during the first days 
or even during the first hours after birth. 
Apnoeic attacks may occur in association with a variety 
of disorders, but the most convincing explanation is physical 
immaturity (1). In order to expand the chest and thereby 
increase the negative.intrapletiral pressure so that air can 
enter the lungs, a certain degree of rigidity of the chest 
.wall is necessary and is normally provided by the ribs. 
Since newborn infants, particµlarly prematures, do not have 
a rigid bony thorax, some difficulty in expanding the lungs 
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occurs (7). 
Slow and late appearance of alveoli may be another 
reason confirming the explanation of immaturity for apnea. 
in infants. A mature newborn has. about 20 million alveoli. 
By the time the individual reaches maturity, the number of 
alveoli reaches about 300 million.; thus, much of the de-
velopment of the alveoli occurs after birth (7). 
Some premature infants simply forget to breathe while 
they are in deep sleep. These cases are believed to be due 
to immaturity of autonomic nervous system control mechanism. 
Thus it may not be far from fact if one accepts the general 
explanation of immaturity as the cause of apnea in infants. 
Techniques for Monitoring 
Because of the significant threat of apnoeic attack 
to the lives of infants, monitoring respiration of newborns, 
primarily in cases of premature birth, is of considerable. 
importance. The most reliable and accurate method for 
mqnitoring respiration is monitoring the Pa02 level in the 
arterial blood. In this method a catheter is inserted,, 
usually into an umbilical artery,until the oxygen electrode 
tip is in the lower aorta. Although this method directly 
monitors oxygen tension level and hence accurate and reli-
able results are obtained, incision, asepsis and catheteriza-
tion are involved; therefore, some side threats to the 
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patient, like hemorrhage and infection, are created. Be-
cause of these threats and the delicate and time~cohsuming 
procedure of setting up the system, many physicians and re-
searchers have been.searching for noninvasive and safe 
techn.iques to monitor respiration. 
Several of these noninvasive methods described here 
utilize thermistors in respiration detection (8). 
Thermistors are electrical devices which exhibit an inverse 
relation between temperature and resistance. They are 
placed in the oral or nasal airflow. The exhaled gas is 
at a, differe·nt temperature compared to the inhaled gas. 
As a result, the resistance of a thermistor element will 
change with inspiration and expiration if it is placed in 
· the airflow. 
Thermistors are placed in the lumen of an endotracheal 
tube and then the patient is intubated. The output of the 
thermistor -is fed into an electronic circuit for monitoring 
and recording. This technique necessitates anesthetization 
of the patient, an undesirable situation because anesthe-
tization relaxes the control mechanism of the nervous 
system and causes the patient to make less of an attempt 
for respiration, thus increasing the chances of apnea. 
Pharyngeal probes, using thermistors; have also been 
developed (8). One which is commonly used, utilizes a 7F 
·(for adults) of SF (for children) nasogastric tube. The 
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tube with the thermistor inside_ is positioned in the posterior 
pharynx via a nontoxic flexible catheter. The posterior 
pharynx receives nasal and oral airflow and can be catheter-
ized comfortably and safely. An electronic circuit is also 
needed to be added to the system to condition the signal 
and to detect respiration. The disadvantage with this 
technique is that the pharyngeal placement of the probe 
is not we·ll tolerated in children. Also, after many hours 
of continuous use the signal may become attenuated as a 
result of mucous accumulation. 
Other, noninvasive, techniques of respiration moni-
toring have been developed. These techniques can be divided 
into_two groups, plethysmography and motion detecting 
techp.iques. 
Plethysmography. generally measures change in volume. 
A body plethysmograph was the first apparatus used for 
measuring ventilation in the newborn (7). In this technique 
the infant would be placed in a closed chamber, while the 
infant's mouth is kept outside. the chamber. With respi~a­
tion, the volume of the chest changes and consequently the 
pressure inside the chamber changes. The fluctuation in· 
the pressure is picked up by a pressure transducer attached 
to the chamber. 
Using this technique, early workers were bothered with 
the air leak around the infant's neck. To overcome this 
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problem Karlberg and Koch (9) used a reverse plethysmograph. 
!n. this adaptation. the infant breathed through a mask at-
tached to a wide tube connected to a plethysmograph. 
Major disadvantages of the masks are that they .disturb 
the infant's normal respiratory pattern and produce an 
intolerable increase in the dead space. Low dead space,, 
low resistance nasovalves have been constructed (10), 
but the general problem with such devices as well as with 
the body plethysmograph still persists; i.e., the system, 
be.ing a rebreathing one, must be used only for a short 
pe.rioc'l, of ·time to avoid significant co2 accumula-
tion. 
Simpler plethysmographs such as: i) capacitance plethy-
smograph, ii) elastic-resistance strain-gage plethysmograph, 
and iii) impedance plethysmograph, have none of the problems 
associa,:ted with '·the· body ple,thysmograph and-yet are less 
expensive and easier to handle. ,,-
The first of these simpler methods measures the change 
in capacitance between the skin and an outer rigid electrode. 
The second method measures the change in the resistance of 
a conducting liquid in an extendable rubber tube placed 
aroun~ the body. These two methods are usually used to, 
measure blood flow in extremities (11). An increase in 
volume of blood in a limb results in a decrease in separation 
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of the plates and- an increase in capacitance, or results in 
an increase in the length of rubber tube of the related 
plethysmograph. In the first technique the electrical 
stability is a problem, -and in the second method the 
electrical-resistance i~ very low, and also the relation 
between resistance of the conductive liquid and the length 
of the tube is not linear. 
A related method, impedance plethysmography, is based 
on the fact that changes in a tissue volume are accompanied 
_by changes in the electrical resistance of the tissue. 
The electrical resistance can be measured by attaching 
electrodes to the tissue and requiring a "low-level" current 
to flow through the tissue. The voltage seen across the 
el~ctrodes is proportional to the electrical impedance. 
(11, 12). 
The volume of the lungs changes with respiration and 
therefore the resistance between a pair of electrode at-
tached to an infant's chest will change. This method re~ 
qui:r;es -a high frequency oscillator (50-100 KHz) which sends 
a current (less than 0.3 ma) through electrodes placed on 
the chest wall of the infant (12). 
The general disadvantages of plethysmographs are skin 
irritation, interference with patient care, and slow ap-
-plication in emergencies (13). Also, there might be 
false alarms due to lead or electrode failure. 
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Instead of plethysmographs, monitor pads can be used. 
Monitor pads, usually made of disposable foam rubber, have 
four conductive vinyl surfaces, each representing standard 
electrocardiography (ECG) limb-lead points (RA,LA,RL,LL), 
each vinyl surface is connected to a snap to be attached to 
external wires. Monitor pads are worn on the back or around 
the chest of the infant. They are often used to obtain the 
ECG, but can also be used as an apnea monitor by measuring 
the impedance changes between the transthoracic RA-LA 
leads (13). By experiment (13), it has been shown that 
monitor pads do not have most of the disadvantages of the 
plethysmographs described. 
Both monitor pads and plethysmographs do share a com-
mon disadvantage. They are extremely sensitive. so much 
so that they usually pick up the heart pulse as well as 
respiration. 
A rather different technique which lacks the above 
disadvantage is the abdominal respiration detector. In-
crease in volume of the abdomen on respiration increas_es the 
radius of curvature of the anterior abdominal wall (14). 
The d~tector consists of a flat cylindrical capsule about 
20 mm in diameter and 3 mm deep. The open end may be covered 
with a thin rubber diaphragm, or it may be applied directly 
to the abdominal wall to which the capsule is secured with 
adhesive tape. A nozzle in the side of the capsule is 
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connected by a length of flexible.tubing to a pneumatic 
transducer. This may be either a sensitive capacitance 
manometer (14) or ari electro-magnetic movement transducer 
(14) attached to a similar diaphragm capsule. 
An increase in. the volume of the abdomen causes a 
decrease in the volume and consequently an increase in 
the pressure of. the cylinder. Volume changes of less than 
0.1% can be detected (14). In this technique respiratory 
movements are re~roduced with remarkable faithfulness 
provided the stibject does not change position. 
·~11 the techniques described so far regardless of their 
advantages and disadvantages ~re accompanied by a potential 
danger. They all have something in contact with the 
patient.' Observation of infants during routine care· has 
~hown hanqling 'for any reason, such as X-ray, heart rate, 
and respiration observations, often causes a fall in the 
·arterial oxygen tension (15). Although the infant usually 
recovers spontaneously, a series of procedures, one follow-
ing closely upon the other, may cause a prolonged fall iri 
Pao2 necessitating respiratory support. In cases of very 
ill patients even minor disturbances like attaching an 
electrode to the infant or changing the under sheet in the 
iricubator causes a fall in Pao2 of as much as 30-40 
mm Hg from a normal value of 80-90 mm Hg (15). 
To avoid disturbing the infant, contactless devices 
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for'monitoring respiration in infants are desirable. The air 
mattress, used in some hospitals, is listed under the cate-
' gory of contactless devices for monitoring respiration. A 
heated thermistor is placed inside an air filled mattress. 
Breathing movements cause air to flow from one section of 
the mattress to another,, cooling the thermistor and thus 
providing a measure of respiratory movements. 
The major disadvantage of the air mattress for re-
cording respiration patterns is that over the period of a 
few breaths, the ,sensitivity changes. A second dis-
,advantage is the double peaking effect, which means that the 
tl~ermi!>tor becomes' cool on botlJ. inspiration and expiration, 
thus providing two signal peaks per respiration cycle. 
,A different corttactless respiration monitor, the under-, 
mattress pressure sensoJ;", utilizes a thin 150 mm square pad 
in which electrode plates are incorporated. This pad is 
placed under or slightly above the chest. Respiratory 
movements change the capacitance between the electrode 
plates. Comparison of this device with impedance respirometer 
has shown that the changes in sensitivity as the infant mo:ves 
about are quite considerable; e.g., the sensitivity changes 
by a factor of 10-20 for different positions to which the 
infant moves. In some cases, the sensitivity changes over 
the interval of a rew breaths without any apparent change,in 
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the body position (16). 
A capacitance sensor can also be used to monitor the 
respiration without contact. A pair of electrodes is placed 
near the body. Respiratory movements change the capacitance 
l;letween electrodes. The measurement of capacitance changes 
is achieved by applying a 200 KHz signal across tl:le 
electrodes and detecting the current flow with a phase 
sensitive amplifier. The disadvantages of this system 
are: i) it is too sensitive to people moving nearby, and 
i.il the incubator should be electrically shielded. This 
i 
type of system cannot readily be made portable (16). 
Another technique which lacks the disadvantages of the 
two mentioned contactless monitors is the Radar Respira-
~ion Monitor. This system senses chest wall movements by 
detec.ting changes in a reflected electromagnetic micro-wave 
signal. A microwave source sends signals in form of radio 
frequency energy to the chest. The det~ctor output is a 
periodic wave as the infant's chest moves back and forth. 
The period of this wave corresponds to the time the chest 
covers half the microwave wavelength (30 mm if a 10 GHz 
source is used). 
This system has proved to be very satisfactory where 
electrodes and wires are hazardous. Nevertheless, the 10 
~Hz microwave frequency of the most readily available 
miniature microwave components is not ideal for chest wall 
movement. With very large inspired volumes, as in gasps, 
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the chest wall movement may be more than half the microwave 
wavelength, .and this results in a distorted signal. Be-
sides, the output from the detector may give a very dis-
torted signal because it depends on the whereabouts on 
the standing wave pattern as chest movements occur. 
, All the techniques described in this chapter, except 
for the direct measurement of Pao2 and the ·pharyngeal probe, 
detect either changes in the volume or movement of the 
chest. The characteristics of these techniques bring·about 
a problem for monitoring apnea. Upper airway occlusion 
may, not be detected because obstruction of the upper air.-
way in infants may be associated with continued :tesp:iratory 
effects without air entering the lungs (17). These .efforts 
cause changes in volume, electrical resistance, or position 
of the chest; thus, these changes are detected by monitors 
as respiration while there has not been true respiration. 
Treatment of Apnea 
Thus far, no effective treatments for apnoeic attacks 
have been found, primarily because the causes of apnea are 
~ot known. ;rf the explanation of immaturity for apnoeic 
attacks is correct, then the best treatment is to wait. for 
the infant to grow, providing apnoeic attacks are detected 
and treated. Nevertheless, there have been some ways 
l 
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suggested or tested to prevent apnea. One method advocated 
£qr-treatment of apnea ·is raising the ambient oxygen C?n-
_centration, but it_ is often ·ineffective and may expose the 
infant to the risk of hypoxia _between attacks (1). 
Another way of treatment of apnea is the use of 
continuous positive airway pressure (C.P.A.P.). Applying 
C..P.A.P. to infants with .severe recurrent apnea appears to 
provide respiratory drive for the infant, perhaps due to 
stimulation of the Hering-Breuer inflation reflex. This 
:technique has proved t_o be effective in decreasing the 
rate of apnoeic attacks, but can not remove the attacks 
totally. Thus, the use of ·apnea monitors which provide 
reliable .data and expose the infant to minimum side effects 
of monitoring is of great importance. 
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NEW TECHNIQUE AND DESIGN 
The li.terature review indicates that monitoring of 
respiration is of great importance. However, we also 
·learned that some of those· techniques pose threats or are 
of .low reliability. Among those techniques, contactless 
methods were found to be least harmful. 
The contactless technique described here eliminates 
both the cost and accompanying skin problems of electrodes •. 
In addition, with the help of a computer, upper airway· 
occlusion (U.A.O.), an important concern of physicians, can 
be detected. 
Basic Criterion 
This ultrasonic technique is based on the standing 
wave phenomenon. A low level ultrasonic (40 KHz) air-
pressure' transd.ucer1, placed in front of the infant's chest 
or abdomen wall, sends ·pressure waves to the infant.. The 
waves a:re reflected by the infant's chest wall with the 
,same frequency, but. with a different phase angle. A. trans-
ducer. similar to the transmitter, picks up the reflected 
waves and produces 40 KHz AC voltage at its output. If 
the transducers are side by side (see Figure ·l), the phase 
angle of the reflected wave at the pick-up transducer is 
1Model 70100 40 KHz, Linden Laboratories, Inc., Box 
920, State College, PA, 16.801 (814-355-5491). 
18 
<P = 27T . 2 . l • 
F 
V + K 
where 
·l = distance between electrodes and the chest wall 
F = frequency O·f oscillation 
v = velocity of souhd in air = 330 m/sec 
K = constant 
Since y, F, K are constant, changes in <P are propor-
t:ional to changes in 1, 
d"' = 47TF • dl 
'I' -v 
According to Equation (2), ff 1 is constant, then 
.there is ho change in. the phase angle. In other words, 
continuous change in <P indicates continuous change in 1, 
the distance between the electrodes and the infant, and 
thus indicates that the chest wall is moving. 
( 1) 
(2) 
The change in the phase angle difference between the 
transmitted and the reflected waves is proportional· to the 
displacement of the infant's chest wall. In order to find 
the proportionality between the displacement ahd the phase 
angle difference, we must go back to Equation (1). 
<P = 47TF1 ~ + K 
·F 1 
(>. wavelength of the waves) (3) v = x- = 
<P = 47Tl --x- + K 
I 
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The maximum charige in phase angle difference can be 211 
radians; thus 
ticp = 211 
211 = 411 til T 
ti.l = 2tr ·A 47T 
til = A 2 
on the other hand, 
A = V = 330 m/sec 
F 40 KHz 
A 330 x 10
3 m/sec = 
40 103 rad/sec x 
A 
2 = 4.12 mm 
Thus for every 4.12 mm of 
would be 211 radian change 
( 4) 
103 mm x m = 8.25 mm 
c.hest wall displ.acement·, there 
in.the phase angle. 
Circuit Design 
In order to find the phase angle difference between 
the transmitted and the reflec.ted waves, one should know a · 
... ' 
little about the signals going· in and out of the trans-
· ducers. The input and output signals from the transducers 
are sinusoids with.different.amplitudes; but with the same 
frequency of 40 KHz.· The amplitude of the signal from ·the 
pickup transducer, however, varies with changes in the. 
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dist.~nce between the infarit' s chest wall and the transducers. 
These fluctuations in the amplitude cause some problem 
in,measuring the phase angle difference between the two 
waves, because in the technique. we have chosen for measure-
ment of phase angle difference, the amplitudes of the waves 
should be constant. To better understand how the measure-
ment of phase angle difference is made, consider Figure 2. 
Figure 2 (a and b) shows a pair of square waves with the 
same amplitude, but with a lag time between the two waves .. 
Figure 2 "(part c) shows the sununation of the two waves. 
If this waveform is rectified, a series of pulses with 
equal widths will remain. The widths of all pulses are 
equal and proportional to the phase angle difference •. As 
,the phase ;;ingle difference increases, the width of the pulses 
will decrease and vice versa .. 
A block diagram of the apnea monitor is shown in 
Figure 3, In. Figure . .3, block 1 is a sine wave generator. 
The oscillator drives the transmitter transducer, and 
«the reflected wave. drives the receiver transducer. The 
output of the receiver transducer is a .20 mV peak.::.to::peak 
sinusoid. To reduce the noise interference with this low 
amplitude signai a 10 KQ resistance is placed acros~ the 
output of the receiver transducer. The output is then fed 
into 2· stages of linear amplification in order to have a 
signal comparable in amplitude to. the output of the 
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~---------
! 
t ----- '''' ' --~ 
I 
----~·· -~·----
- . --- . -"' --) ---
Air pressure transducers ,. 
:l.eflector / · ' 
-Figure l. Illustration 6f relative positioning of the 
transducers and the che.st 
(a) ------ . --- -
(b)-. 
(c)-__ -
Figure 2. A geometrical demonstration of why the summation 
of two equal amplitude square waves represent 
the. time lag between the two waves. cj> is the time. 
lag .between (a) and (b) • Part (-c) is the sum of 
(a) and (b) 
(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 
(10) 
(11) 
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Frequency Frequency 
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-
Rectifier 
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converter 
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multi vibrator 
Hissing pulse detector 
ALARM 
0 Transmitter 
Receiver 
Figure 3'. Block diagram of the ultrasonic apnea monitor 
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oscillator. Two stages of amplification rather than one 
are used_ to avoid reduction of the bandwidth. 
Block 3 in the diagram produces a pair of square waves 
at the same frequency of the oscillator. One of these 
square waves is in. phase with the transmitted signal and 
the other. square wave is in phase with the received signal. 
·In block 4 two simple monostable multivibrators halve 
the frequencies of the square waves and increase the appa-
rent wavelengths to overcome the double peaking form of the 
respiration pattern due to large displacement of the chest 
W?ll in deep respiration such as gasps or sighs. In deep 
respiration the displacement of the chest wall may be larger 
than half of the wavelength (4 mm). In such cases, the 
Rhase angle will repeat itself and causes the respiration 
pattern to have two· peaks for each cycle of breathing. This 
is -considered a distorted signal and should be eliminated. 
At block 5 a CMOS fast operational amplifier is use~ 
to add the outputs of the monostable multivibrators of 
bl,ock 4. 
Blocks 6 and 7 are simply a half-wave rectifier and an 
~verage detector, respectively. The output of the average 
detector is a low-frequency voltage proportional to the 
· I>hase angle difference between .sinusoids at the transdu_cers. 
The magnitude of t_his voltage fluctuates with respiration •. 
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The waveform of this fluctuation is the reproduction of the · 
; 
chest wall movement, and is.an alternating voltage added 
:to a ccinstan:t voltage. 
Blocks 8 through .11 are the alarm section. Block.8 is . . 
Cl· COmparatol:" Which Converts the fl UCtUating VOl tage I pro-. ' \ .. . . 
·portional :to the phase· angle difference, to a rectangular 
wav~form .. · At the negative going edge of eacJ::i of the rec-
tanguiar cycles, "a pu~se.is generated by a monostable 
mi'iltivibrator •. Each pulse represents a complete cycle of . ' ,. \ 
:r:espira:tion. 
Block 10 is a missing pulse detec.:tor. This block. 
trigg'ers. the ··al~rm· whenever no pulse is generated during 
a speci~ied period of time. 
Detafled·circuitry and the waveforms of signals at 
fi,eyer.ai: points .. along the path are given in Appendix. A • 
. computer Programming. for 
Detectiori·of 
Upper Airway Occlusion 
. The compu.ter portion of· this monitor, designed tq 
.:detect Upper Airway: Occlusion (U .A;O.), is based on the 
'fo11qwing ·criterion.. During U.A.0, the respiratory wave-
. , • _'I, .. ·,' . , ; ·_ .• .": ·. · .. : ,' . ,, ' : , !, . . . . '· , . ." ,. 
· . £,orm is 1;>ot\1 -decreased in rate and. prolonged ;n width; , ·. 
. . ' 
?xpei'.:'iments on pupp~es' used for e':l'.aluation. of thls t;echniq1,1e 
\lave sh,owed that ·the respiration rate decreas.es .to two-
'· -· 
.. ·-
•'.I 
'•· ':, 
./' 
'' ~ --, 
25 
thirds of the original rate, and the .duration or width of 
the waveform increases by a factor of 1.5. These charac-
teristics aie used to detect U.A.O. A generalized flow 
diagram of: the computer program.is in Figure 4. 
Block 1 of the flow chart in Figure 4 measures the 
'width and the period of the respiratory cycles and stores 
them .in.designated memory locations. This is accomplished 
by repeatedly taking samples and comparing them with a 
threshold. ·whenever the.sample 1s greater than the thres-
!tpld, it indicates the onset of a respiration cycle. The 
computer then waits for 10 _.milliseconds, increments th~ 
.time count index, and then takes another sample. This loop 
is repeated until a sample is smaller than the threshold. 
' . . 
The time count index represents the width of the cycle. 
The actiqri of-taking a sample and waiting_for 10 milli-
seconds continues until a new cycle is detected. Now the 
time count index. indicates.the period of the cycle. The 
whole procedure will be repeated six times .• 
The second block simply finds the average values. of 
-the widths and the periods of the first five cycles. 
In the third block,. the sixth cycle is compared :to· 
the results of block 2. At this time only the widths of 
the.cyc::::les.are compared, because changes in the width 
exceed other chan.ge_s in the waveform of the cycle during 
(1) 
STJ;RT 
Widths & periods 01' 
1 
the 1St six cycles 
of resp:iration,Sl!e 
measured & stored. 
The mean values of 
(2) the lstfive -widths 
(3) 
(4) 
(5) 
(6) 
---i. & peri9ds are 
calculated & stored. 
YES Is it les~ 
t!].an 1/2 average. 
NO 
Shift the stored da:L 
one b 'te down. J 
Initialize & measur . 
'---..-I the ·width & period. 
of the next cycle. 
, ___ t 
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Is the 
eriod of the 
th. cycle) 1.5 
average? 
NO 
YES 
(10) 
Ring the (9) 
bell 
Print 
'airlilay (8) 
blocked"• 
(7). 
Figure 4 • Gener.alized flow chart of the U .A.O. detecting 
program. 
I 
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U.A.O. If the width of the 6th cycle is greater than 1.5 
times the average value, there might be an U.A.o; occurring. 
If not, then the computer checks if there has been any body 
movement. This is' done by ·block 4. Experiments on dogs 
have shown· that when the body is moving, the widths of the 
cycles are very small, often less than 1/3 of the mean 
value. In block 4 the width of the sixth cycle is compared 
to 1/2 of. the average value. If the width is more than 1/2 
the average value., . the cycle is considered normal and the 
computer proceeds to the fifth block. If the width is less 
than 1/2 the average value, block 5 is by-passed and the 
flow of the execution of the program shifts to block 6. 
In block 5 the data regarding the first cycle are 
erased and the next five cycles are considered as the 
cycles for calculation of the average values of width and 
periods. 
Block 6 initializes the program and measures 'the width 
and per-iod of the next coming cycle 1 and then shifts the , 
flow of the program to block 2. 
The computer will go through this loop from block 6 
to block 2 so long as respiration is normal. If the respira-
tion becomes abnormal then the computer branches out of the 
loop and goes to block 7. 
In block 7 the period of the sixth cycle is compared to 
•", 
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1.5 times the average period. If the period has not in-
creased, that cycle is cons.idered as a deep breath or sigh 
·and ignored. If the period is more than 1.5 times the 
average value, then an U.A.0. has occurred. Block 8 prints 
the message "Airway blocked" on the screen of the terminal. 
Blocks 9 and 10 ring the bell, until the attendant 
responds and stops execution of the program. The detailed 
program is in Appendix B. A digital PDP 8/e minicomputer 
was used. 1 ·· 
1
Digital Equipment Corporation, Maynard, Mass. 
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EXPERIMENTAL EVALUATION 
Method 
In this section evaluation of the general operation_ 
as well as the reliability and consistency of the ultra-
sonic respiration monitor are described. The general 
operation was tested by checking the detection of motion, 
and the reliability was verified by comparing the outputs 
of this device and-that of a reliable monitor. 
In the first stage of this experiment the general 
operation of the system was tested. For this purpose a 
_plate was attached to a rod secured to the piston of a 
respiration pump1 as shown graphically in Figure 5. When 
the pump was turned on, the piston would slide back and 
fqrth; thus, the movement of this plate would be a simu-
lation of a chest_ wall respiration pattern. The apnea 
monitor should have turned the alarm on whenever the pump 
was off for a predetermined length of time. 
In the second stage of this experiment, using a live 
subject, the consistency and similarity between the wave-
forms of the- ultra.sonic monitor and another reliable monitor 
were ver'ified. As .a live subject, a mongrel young dog was 
chosen for two reasons: 
1) there was no safe and easy access to human infants, 
2) a puppy dog would breathe shallower than ~ grown 
dog, and hence there would be more similarity be-
tween this case and the case of a newborn. 
1 . # Model 507 ,, 
Mass., .02054. 
respiration pump, Harvard Apparatus, Hillis, 
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Motor piston. rod plate 
·Figure 5. A plate attached to the piston with a rod to 
simulate the chest wall respiration pattern 
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Fbr evaluation and verification of the accuracy of the 
ultrasonic monitor, a thermistor was used. As mentioned 
earlier in literature review, thermistors detect changes in 
the temperature of the air surrounding the device. When 
a thermistor is placed in the oral or nasal airflow, it 
will detect the temperature changes during expiration and 
inspiration; therefore, it reliably detects respiration. 
Furthermore, if the airway is blocked, since there is no 
· air flow around the thermistor element, the blockage is 
reflected in the temperature of the thermistor.by a constant 
decrease, a case which very well indicates upper airway 
blockage .... 
In this experiment, a thermistor was placed in the. 
lumen of an endotracheal tube and the dog was anesthetized 
with pentobarbi:tal (0.25 ml/kg) and then intubated .• 
¥iesthetization makes the dog more cooperative during intuba-
tion and prevents the O.og from changing position during· 
the experiment. Fortunately, .this· situation is similar 
to that of. a premature infant which rarely moves about. 
'" After intubation, the dog was shaved on the chest and 
abdomen and placed on a v-board in the supine position. 
The thermistor output was fed into the thermistor coupler 
of a Beckmann recorder. Then the transducers were placed in 
-front of the abdomen of the dog and the distance between the 
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trans.ducers and the abdomen was adjusted in such a way that 
normal lines protruding from the transducers intersected at 
a point near the skin surface (see Figure 6). The trans-
ducers were then connected to the monitor and the output 
of· the monitor was fed into both the minicomputer ·and the 
.Beckmann recorder. 
First, normal patterns.of respiration were recorded. 
Then.the dog was moved to different positions-and recordings 
were obtained. Finally, using a hemostat, the endotracheal 
tube was clamped while the waveform pattern was being re-
corded. An assistant mark.ed the recordings whenever upper-
airway occlusion was applied or removed, and whenever occlu-
i;;ion was -detected by either the computer or the monitor. 
F.igure 6. ·Illustration of the set-up.of the experiments: . 
(a) the anesthetized dog is intubated and placed 
in supine position on a V-board. The.trans-
ducers are placed in front of the abdomen and 
connected to the ultrasonic apnea monitor. The 
output.of the monitor is f°ed, into both the 
Beckman recorder and the minicomputer, (b) 
the transducers are placed in front of the 
area immediately below the thorax in such a 
way that the normal lines protruding from the 
transducers·intersect near the skin surface 

35 
RESULTS 
The experiment was run several times. In the first 
experiment, recordings of normal respiration patterns were 
made. Figure 7(a) shows a sample of that recording. 
Figures 7(b) and 7(c) show the respiration pattern while 
upper airway occlusion was applied at the end of inspira-
tion, and expiration, respectively. Note that there are 
t wo p eaks in the monitor trace for every cycle of respira-
tion . 
In the second experiment, a pair of frequency dividers 
were added to the monitor to eliminate the double peaking 
effect. The recordings of respiration while the dog was 
in different positions were then taken. Figure 8(a) is 
the recording taken while the dog was lying on its side. 
Figu res 8(b) and 8(c) show the recordings while the dog was 
in the supine position and the transducers were facing the 
dog's chest and abdomen, respectively. Note that in 
Figures 8(b) and 8(c), heart beats are picked up and re-
corded by the monitor. 
During different phases of respiration (in the middle 
or at the end of inspiration or expiration) the upper air-
way was occluded and the waveforms were recorded. Figure 9 
s hows these recordings. In all cases except when U.A.O. 
was applied at the end of expiration, the monitor alarm was 
Figure 7. Recordings of respiration pattern: 
(a) normal respiration pattern, 
(b) respiration pattern with U.A;O. applied 
at the end of inspiration, 
(c) respiration pattern with U.A.O. applied at 
the end of expiration 
(B indicates application of occlusio,n and R 
indicates its removal) 
(a) 
( b) 
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Figure 8. Recordings of respiration with the dog in 
different positions: (a) the dog laid on 
its side, (b) the dog in supine position 
and the transducers facing the chest, (c) 
the dog in supine position and the trans-
ducers facing the abdomen 
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Figure 9. Changes in the 'pattern of respiration when U.A.O. 'is applied at the 
(a) middle of expiration,· (b) middle of inspiration, (c) end of 
inspiration, (d) end of expiration. Note that only in case (d) 
U.A.0• was, not detected by the monitor 
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activated. It should be mentioned that the monitor time 
thresh<;>ld was set at 7 seconds and no computer was used 
for detecting U.A.O. 
In the next experiment, a minocomputer was used .for 
detection of 0.A.O. The results are as follows. First, 
normal .respiration was recorded; it was noticed that 
occasionally, because of external noise, the phase of the 
monitor waveform changed 180°, as shown in Figure 10. 
Denote the resultant phases "phase a" and "phase b". 
Also, note the presence of heart beats in the monitor 
wa,yeform. Then the ui;>per airway: was occluded several times. 
The results showed that when the wavefonn was in "phase a" 
and.there was no phase shift 'during the occlusion, the 
computer detected U.A.O. and triggered the computer buzzer 
(Figure lla). When the waveform was in "phase b" and :there 
was no shift to ''phase a", the computer did not detect the 
occ:lusion '(Figure llb). When there was a shift from "phase 
a".to ":i:>hase b", two out of five applications of U.A.O. 
were detected by the computer, while only one U.A.O., 
was detected by the. ~onitor alarm (Figure 12). When.there 
wp.s a shift from "phase b" to "phase a", out of four 
applications of. U.A.O., one was detected by the computer 
a,nd one 'was detected by the monitor alarm (Figure 13). 
Note that in all .figures (Figures 8-13), heart beats are 
recorded. 
Figure 10. 
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(a) (b) 
Detection of U.A.O. when no phase shift is ·pres.erit: 
(a) waveform in "phase a", (b) waveform in ,''pnase 
b". The computer detects U.A.O. if the monitor· 
wavef~rm is in "phase a" and the phase does .not 
shift. Brockage was applied at point B and re-
moved at point R 
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Figure 12. Detection of U.A.O. when a shift from "phase a" 
to "phase b" occurs. Case (a) was detected by 
·the computer: Case (b) was not detected. Case 
(c) was detected by the monito·r alarm. Blockage 
was applied at point B and removed at point R 
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No .. 9280-0.258 
( b) {c) 
Figure J-3. Detection of U.A.O. when a shift from "phase b" 
to "phase a" is present. Case (a) was detected· 
by the computer. Case (b) was detected by the 
monitor alarm. Case (c) was not detected. 
Blockage was applied at point B and removed· at 
point R 
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DISCUSSION 
Implications of Results 
The perfor~ance ~f the-ultrasonic apnea monitor indi-
cates that under certain conditions it detects respira-
tion· motions very well and reproduces the respiration 
patterns acceptably. In all experiments on dogs there was 
not a single incident of false alarm, even in cases where 
respiration was shallow or the dog was lain in a position 
such. that the abdomen wall displacement was very .small. 
·Figure B (a) ·supports such a statement. 
The monitor is sensitive enough to pick up the hear.t 
beats, as shown in Figures·B through 13, but the alarm 
section ignores such motions. Figure 12(c) and 12(b)_.are 
good examples of such cases that during a period of apnea 
even though. the heart beat was detected and recorded,. th_e 
monitor_ alarm was activated. It is the presence or respira-
tion, not the heart beat, which-turns off the activation· of 
the alarm. 
The faithfulness of reproduction of the respiration 
patte'rn is demonstrated in Figures B-13. The slight. dif-
ference between the widths of the monitor waveform an4 the 
thermistor pattern is due to the slow response of the 
.thermis_tor. The different waveforms (double peaking wave-
form) of Figure 7 (and others) are also due to tne small 
wavelength of the ultra_sonic signal. As mentioned in the 
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previous chapter, if the abdomen wall displacement is larger 
than half the ultrasonic wavelength, the phase angle dif-
ference exceeds 2w radians and repeats itself; thus, a 
double peaking waveform is generated. This problem was 
solved by adding a pair of frequency dividers to the system. 
The frequency dividers increase the apparent wavelength 
a~d thus eliminate the problem. (There was no frequency 
divider in the circuit when the recording shown in Figure 
7 was made.) 
In relation to faithfulness of the reproduction of the 
r~spiration waveforms, one may point to Figures B(a) and 
8 (bl. as counter examples. Figure 8 (a) shows that when the 
transducers are facing the side of the dog respiration is 
detected but the waveforms are not similar to the waveforms 
of the thermistor. 
Figure B{b) shows that if the transducers are facing 
the chest of the dog, the monitor can not detect respira-
tion, mainly because of the shape of the thoracic bone of 
the dog wh.ich ·reflects the transmitted signals to a direc-
tion different from the position of the receiver trans-
ducer. 
Thus we come to the conclusion as suggested by Figure 
8 (c) that the best positicm for monitoring respiration of a 
d.og, using this monitor, is the supine position while· the 
transducers are facing that part of abdomen immediately 
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below the thorax. It is this position which is used for 
detection of upper airway occlusion. 
Upper airway occlusion can be detected under certain 
conditions. The monitor, without the help of a computer, 
can detect U.A.O. if the occlusion occurs at any phase 
of respiration except at the end of expiration and the 
monitor alarm is set for a 10 second or shorter apnoeic 
attack. Figures 7(b) and 7(c) and Figure 9 can be used to 
show the ·reasons, in this effect. Figure 7(b) shows that 
when the airway is occluded at the end of inspiration 
no.immediate respiratory effort is made by the dog, a 
condition which triggers the alarm. The lack of respira-
tion is' due to the stimulation of inflation receptors in 
the lungs which inhibit respiration. 
Figur~ 7 (c). shows a recording of respiration when the 
upper airway is blocked at 'the end of expiration. Respira-
tory efforts are still present, because respiratory center 
is not inhibited by the inflation receptors in the lungs. 
Yet the pattern is considerably different from that of 
Figure 7(b). It is· this case which is not detected by most 
motioi;i detecting monitors. 
Figure 9 shows. recordings of U.A.O. when applied at dif-
ferent phases o.f respiration. In Figure 9 (a) the airway is 
blocked in the middle of expiration. The monitor alarm was 
triggere.d, ·but was deactivated when the next effort for 
50 
respiration was made. The case of Figure 9(b) had the same 
kind of respoµse; In Figure 9(c) the alarm was triggered 
and was not. deactivated until the blockage was removed. 
In the case of Figure 9(d), the alarm remained silent 
during U.A;O. 
For_ the U.A.O. applied at the end of expiration to be 
detected, a m_inicomputer should be used, but first the 
specific changes in the patterns of respiration during -u.A.O. 
should be studied to permit an appropriate computer pro-
gram to be _written. Figure 14 shows the typical changes 
in the respiration waveform, when U.A.O. is applied. 
It should be noted that the pattern of respiration 
during U.A.O.- changes in respect to both width and_ rate. 
ypien a· respiratory effort is initiated, the chest begins 
to expand, but the upper airway is blocked and the chest 
cannot expand __ easily.· Since the inflation receptors are 
not stimulated to inhibit respiration, the chest continues 
to expand, and ·thus the width of the respiratory pattern 
increases. Tests have shown that the increase is at 
least 50% of the original width. 
for. the same reasons, the period of the waveform 
'. 
increases.. But the s_econd respiratory effort after appli-
cation of U .A :o·. is initiated sooner and stronger compared 
to normal respiratory efforts. Therefore, only the first 
cycle. after application of U.A.o. undergo significant changes. 
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Figure 14, Changes in the respiration pattern when upper 
airway is occluded at the.end of expiration • 
. The width increases and the rate decreases. 
Note that. the 2rtd cycle of respiration after 
blockage was applied is smaller in period than 
the 1st- cycle immediateiy after U.A.O. Blockage 
was applied at point B and removed at poi~t R 
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These changes in the respiratory pattern cannot be mis-
taken for changes due to gasps or sighs, because in gasps 
and sighs only the amplitude of the waveform increase, not 
the width. 
The -minicomputer has shown. to be effective in de-
tecting U.A.O. However, there are cases which may not be 
detected by the .computer. Phase shift is involved in such 
situations. The phase· shift is believed to be due to 
external electrical noise which makes the monostable multi-
mul-tivibrator output (described on page 23) to go high. 
on the edge of the second cycle of the input signal, and 
thus changing the phase angle. As shown in Figure 10, 
when phase angle change·s, a different threshold is 
required for detection of the onset and the end of each 
cycle of respiration pattern, and thus the computer program 
used is unable to detect U.A.O. 
However, in cases where phase shift is present, U.A.O. 
may-still be detected, e.g., Figures 12(a), 12(c), 13(a) 
and 13 (b). Among these cases., 12 (c) and 13 (b) were de.tected 
by the monitor, and the rest were detected by the computer. 
The computer detected these cases because the threshold 
ne_eded -for the detection of the onset and the end of each 
cycle of respiration had changed very little, a condition 
in which the computer could distinguish between different 
cycles of respiration from each other (see Figures 12(c) and 
,. 
•<H 
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Blot breathing pattern: In 
several" respiratory effbrts 
bY,·a period of apnea 
this pattern, 
are made fol2owed 
".,. 
54 
l~(a)) • 
.tigure 12(b) shows a case in which, even though the 
threshold.change was small, U.A.O. was not detected, becaus.e 
wha,t is considered as the width of the signal in "phase a", 
is considered the period of relaxation of respiration in 
·"phase b". Thus, when a phase shift. from "phase a" to 
"phase b" occurs,, since there is an apparent decrease in 
the signal width, the computer does. not consider such a 
change' a blockage. The computer could be programmed to 
det~ct an increase in the period of relaxation, as a 
blockage, but then the B:iot breathing pattern cannot·be 
dE;!tected. .tigure 15 show's a sample of Biot breathing pattern 
which was recorded during one of the tests. In this pattern 
there is. a burst of respiration and then a period of apnea. 
The.computer has been programmed to detect Biot breathing 
pattern and disregard it. In .tigure 12{b), the case appears 
to the computer tb .be a Biot breathing· pattern and.is dis-
regarded. 
conclusion and Suggestions for 
Improvements 
Apnoeic;: att~ck, the absen,ce of breathing for a pe.riod 
of· time,· is usually· seen in premature infants during the 
first days or even during the first hours a'.fter birth.' , It 
. . 
' ' 
is a coi:idition which in most cases results in the'.death of 
. ' 
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"'the· infallt or may· c::ause hypoxic .brain damage among survivors·. 
In orders to prevent such disasters, apnea monitors are 
instit_uted. to de.tect apnoeic attacks and to provide the 
physician with essential information for treating the 
patient. 
Arnong.d;i.fferent monitors, invasive techniques are th,e 
. - most reliable.' methods; but they pose additional -threats, 
. !OUCh as- infection or hemcirrhage., to the infant. Therefore, 
cont;.actiess ·moni:tors are more desirable. The.ultrasonic 
apriea monitor described in this· .. thesis carries neither the.,, 
tlJ.reat of the invasive methods nor many of the disadvantages: 
· of· 'other con tactless techniques. 
«,'; .. . - ,. 
·The ultrasonic apnea monitor utilizes a pair of a,ir-. . 
. pressure transducers •. on·e of the transducers .sends pressure, 
:· -- . 
waves to the i.nfant'·s· ·chest or abdomen. The reflected WC\yes · 
a'r~.picked up.by the second transducer. The monitor con-
tinuously monitors the phase difference between the trans.,. 
mitted and.the reflected waves. Whenever the phase dif;_ 
· :f'E:ire~c.e rem~ined. consta11t, a condition indicating no respira-
. tion/. the inoni tor· activates the alarm. In addi ti.on t9 this, - ·~'·t" '• , . . 
moni t<;>r, a. minicomputer is utilized to de1;.ect the u .A. o. 
-•,,- -, "-' ' ' - . . - ,. . - . 
. which. are' not detected by' the monitor. 
As indicated ill the discussion. of the. re.sults_, th!=!,. 
' 
. ultrC\SOnic' apnea nibni tor is· a reliable devidE:) Which -ca,n,., ; 
':, ·4~tebt reispiratic:n, reproduce the. i:'espira,tion pattern ..... 
. . - ,l','. ;; . :; . 
> i. : )• 
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faithfully, and trigger an alarm whenever apnoeic attack 
occurs. It functions best when t~e transducers are facing 
the area just under the thorax when small dogs are used as 
tl:J.e test animal. 
The monitor can detect U.A.O. if U.A.O. occurs. at 
any phase of respiration except at the end of expiration, 
and the monitor alarm is set for a 10 second or shorter 
apnoeic attack. The computer program can detect U.A.O. 
occurred at the end. of expiration if certain conditions are 
!!IJ;t. These are: 1) the waveforms should be in "phase a"·; and 
2)' the .phase should not shift. The first condition can be 
met simply by adjusting the distance between the transducers 
and the abdomen. The second condition can be met by either 
removing the.frequency.diyiders, which causes the double 
peaking effect to reappear, or by filtering out the external 
noise.-. 
A better suggestion for eliminating the phase shift 
phenomenon is to replace the transducers with lower frequency 
operating transducers, e.g., 25 KHz, which increases the 
wavelength, and thus eliminating the phase shift problem. 
It should also be noted that decreasing the frequency may 
cause some hearing problems for the patient when the upper 
limit of hearing sensitivity is approached. 
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" APPENDIX· A: .ELECTRONIC CIRCUITRY 
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To the tr smitter 
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,____ -
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I 
1· 
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1 Amplifier ~Square-wave converter 1 
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Detailed circuitry of blocks 1-3 of Figure (all resistors 
are OHMS and all capacitors in microFARADS unless other-
wise mentioned) 
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I 2e2k 
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L ____ _ 
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Detailed circuitry of blocks 4-7 of Figure 3 
: 
r- - - - - - - - -- -1 
I 
I I 117 .: 1 + - Respiratibn 
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L ________ _t 
I 
I 
I 
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-·----- -------- - --, I 
+v I I 
I 
I 
39k 0.1 I lOk 
~ I 
I 
C I 
I 
V(a )1 
I 
L.. 
1 k 39k 
4 8 7 6 
V(b) P· 
2 555 3 
8 1 
27k 0.01 
Rectangular-wave Monostable multivibrator 
converter 1 
---------~-------------
r..J\Mr-..-!"11 >---___,.~ To the computer 
I lk 
I 
'-----16Tf-: 
Amplitude control 
-------- ....J 
I 25k -1~ 
I 
lOk V(d 
I 
\:Jaseline sh:Lfter 
I 
I 
ID 
_J ________ --1 
Detailed circuitry of blocks B-9 of Figure 3 
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---,- --------,----
1 I 
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I 
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Detailed circuitry of ~locks 10-11 of Figure 3 
+ve · +Vee 
1+1: :1 r w ----2~:;-,f --: 
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POWER SUPP;LIES 
+V and -v are used in the alarm section, +Ve and -V are 
used in the rest. of the circuit c 
_One cycle of 
respiration 
1- - -----1-1 
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,..----- V(a) 
0 
"' -- - - -- - - - ·- - ·- -- -· -
0 I I I/~_-_-_ -V(b) ---~-----J.~. 
+V 
+v 
0 
+V 
0 
- - - - - - - •r-•- .::.... -
__ U __________ U ______ _ __ ;.... 
Vt - -- - - - - - - - - - - - -~ - -
i~~L/·: 
0 v ~ --~- -- - - - - - - -- _: - - --
A 
V(c) 
V(d) 
V(e) 
Waveforms of signals at several points of the alarm cir-
cuitry. The alarm is activated at point A when V(e) exceeds 
·the threshold voltage (Vt) 
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The ultrasonic apnea monitor. 
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APPENDIX B: COMPUTER PROGRAMS 
' . 0020 *20 
00020 0000 WAIT 1 
00021 7200 
00022 7000 
00023' 2125 
·00024 5022 
00025 1126 
6oo26 ,3125 
00027 2127 
000,30 5022 . 
000.31 11.30 
000.32 ,3127 
000'3:3 5420 
000.34 0000 TYPE 1 
000.35 6041 
000.36 50.35 ' ' 
00037 6046 
bbol+Q 54.34 
00041 . 0000 BELL I 
00042 7200 
09043 ' 112.3 
00044 . 40.34 ' 
00045 6501 
'00046 5042 
boo47 7402 ·' 
00050 . 7200· START, 
00051 . .307 4 
00052 .3075 
Ooo5.3 ,3110 
00054 ,3111 
00055 . ,3lo6 
. 00056 .3107 
00057' 1077 
o0060 . .3076 . 
00061.. 1101 
00o62' .3100 
0006.3 110,3 ' 
. 00o64 ,3102 
00065 1112 
00066:. 31'.!..3 
00067· 1115 
00070 '3114 
00071 1122. 
Ooo72 ,3121. 
(Xl073. 5777' 
000 
CI,A 
NOP 
ISZ W 
.JMP • 2 
' TAD MW 
DCA·W 
IS2; Y 
JMP·.4, 
TAD·MY 
DCA Y 
JMP I WAIT 
000' 
TSF 
JMP .-1. 
TL5 
JMP·I TYPE 
000 
. CI.A . 
TAD K207 
JMS TYPE 
'6501 
. JMP •-l+ 
HLT 
CI.A 
IJGA MAG 
DCA.T 
DCA QUOTl 
DCA QUOT2 
'DCA SUJ.1A 
PCA SUMT 
·TAD. MTS 
DCA TS. 
TAD.MA 
DCA AS· 
.TAD MCOUNT 
DCA COUNT 
TAD MB 
. DCA BS 
. TAD MC 
DCA' C 
. TAD MCODE 
DCA CODE 
.JMP BEl:lIN 
CXJ<:Y'/4 0000 MAG 10 
00075 0000 · T 10 
OOQ76 ,0170 TS 1170 .. 
. . (XX)7'/ 0170 · MTS 1170 
001()().· 0160 AS~160' . 
,-. ' 
• '. > 
':' .·· 
" 
•' 
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I SUBROUTINE TO WAIT 10 MSEC. 
I SUBROUTINE TO PRINT THE CONTENTS 
I OF THE ACCUMMULATOR. . 
I SUBROUTINE TO ACTIVATE THE BUZZER. 
I THIS PORTION INITIALIZES .THE 
'/ PROGRAM. .. · .. 
'/ T IS THE WIDTH OR THE PERIOD. 
'/ QUOTl IS 'T!iE AVG. 'OF THE WIDTHS. 
/ QUOT2 IS THE AVG. OF THE ,PERIODse 
I MTS & 'TS ARE THE IDCATIONS T~ 
'/PERIODS ARE STORED. . . ·. . , , 
/. MA &As ARE THE IDCATIONSTHE WIDTHS I ARE STORED. . 
/ Bs .. rs .. THE 10CATION or THE 2ruLWIDTH • 
/ ·a ts THE LOCATION oF THE 2nd PERIOD. ·· . ' 
. · / sTARTINa .rocATioN oF THE PER±oos. 
I STAHTING LOCATION OF THE lnDTHS~ 
. ,·. 
. / 
00101 0160 · MA;,160.· 
00102 7772 COUN'l' 1-6 . 
. . 00103 7772 . MCOUNT 1-6 
00104 7773' M.5 ,~5 
ooio5 0005 r.Qi5 
. ooi06. 0000 ·su~,o 
00107 ·qooo· ·Sl1Mr10 
'OQllQ . _. 0()()() Q]JOTl 10· 
. 00111 0000, QUOT2 90 
00112 · 0161 MB 116l . 
,OOJ,13 9161 BS116l : · .. 
00114 '0171 c 171 
00115 · oi 71 ~1171. · 
00116 7777 Ml ·-1 •'' 
00117 0165 M1l5 ,165 , 
00120 0175 , 11175 ;175 . , 
· 00121·. 0140 CODE,140 , 
00122 0140 MQODE 1140 
00123 ·. 0207, K207,207 . 
·. 00124 7773 'NUM5 ,-5. 
DEXJIMAL 
. ooi2.5 74o6 w .-z50 . 
. 00126 > 7 406 Ml:/ ,-250 
· 00127- 7770 · Y,-8 
00;!.30 , 7770 MY 1-S · 
'' . . OCTAL· 
. '. ~,', ' 
0140 ,*140 . , 
. · 0014o · 03·01 301 
Jll 
322 
00141 0311 , . 
00142 0322 
00143 , 0327 
bo1Mi. 0301 
0014i5 .:0331 
00146. 0240 
. 327 , 
301 
331. 
00147 .0302· . ·. •' .. 
Clp150 , 0314 . , 
00151 0317, 
, -00152 , 0303 
, ; 06153 , 0313 .. 
, , 00154 .. 0305, 
,00155· 0304 .. 
00156 ·0215 ,, 
, , 001.$!] ·, 0212 . 
601.60 qooo· , 
'•,• . 
' .. , 
,. 240 
. ,. , 302 
314 
317 
·303, 
313 
305. 
. . 304 
·.· .. 215 
. 212 
000, 
69 . , 
I AVG. OF THE WIDTHS. 
, I AVG., OF THE PERIODS • 
I IDCATION·OFTHE 2ND W!pTH. 
· · · / iocATION OF THE 2ND PERIOD. 
I IDCATION OF THE 6TH. WIDTH. 
I IoCA'J;'ION OF THE 6TH <PERIOD,; 
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0200 -11-200 . 
00200 7200 J3EGIN, CLA 
Qo201 6560 6560 
I Bill.IN FINDS THE ONSET OF i:NSP!MTION. 
00202 . 3074 DCA MAG. 
00263 6561 ' 6561 . 
00204 . 1074· TAD MAG 
. 00205 , 7510 SPA 
00206 ·• 5200 · JM:p. BEGIN · 
OOf.07 7200 ,SURFACE,' CI.A. . • .·· rni=THI==.=s-:s==E""CT""1=0N::'""'::THEWIDTHIS MEASURED • 
. : .. 00210 · 4020 ' JMS WAIT • . · • . 
002112075·,. . · .. tsz T 
00212 ·. 6560 .. 6560 
00213 3074 · DCA MAG· 
00214 '. 6561 . 6561 .. 
· 00215 1074 ·TAD. MAG 
o0216 1500· SMA. 
00217 5207 JMP SURFACE 
.. 00220 7200 CLA 
... 00221 .1075 · TAD T 
00222 2100· ISZ AS 
. · .·~223 .. 3500 DCA I. AS 
00224 · 1104 'TAD M,5 ,, · 
·00225 Ji24 DCA 'NUM,5 
. . 00226 4020 PERIOD, · · JMs WAIT 
. · . @27 . 2075" ·· . . : ISZ T 
··. ~o . 656Q 6560· 
oo231 ' 3074 .. • DOA MAG 
'-, . 
. ;:iN' THIS.SECTION THE PERIOD IS.MEASURED 
OOZ32. 6561· ·6561. · ' 
06233. '1074 · . TAD -MAG 
00234 . 7510 . ·. · . SPA. . 
QoZ35 5226• ' ·· · .. JMP PERIOD 
OOZ36 7200 . · · .OLA 
Q02J7 ,l075: TAD T 
. QOf.40. 2Q76 ISZ TS 
. 002J\l 3476 DOA I TS 
Ob2!.2 3075 ll'JA. 'I' 
·00243 . 2102 ISZ COUNT' 
002/i}j. 5207 . JMP SURFACE 
00245 · . 7200 er.A · • 
00246 · 1104 , TAD M,5 . . · .
. :.'.~~b ~~~~- ·. , ~~-~~T 
. 00251 • 3076 '. DOA TS · 
. '00252 1101 . · TAD MA 
;.., 
'.6¢253 3100. ,. . DOA -AS .. 
Oo254 2100 ADD 1 ISZ AS / THIS. FQRTION FDITJS··THE SUM OF THE 1st 
·00255 2076 ISZ TS . /. FIVE WIDTHSAND THE SUM OF THE lst FIVE 
00256 ·1500 · ·~AD I AS . t PERIODS. . . . . 
· ' 00257 l106 · • TAD SUMA . 
·@.260 3106 · '' .DCA sUMA. 
~- ., •' .. · . . ~-. . 
~· ·. ·_;.. 
{ '· 
·' 
TAP ITS 
TAD SUMI' .. 
DCA smrr 
ISZ .COUNT 
JMP.ADD 
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00261 . 1476 
00262 1107 
0026.3 3107 
oc264 2102·· 
00265 5254 
00266 1106 
00267 7041.. . 
00270 · 1105 ·. DVIDE1 1 
00271 . 2110 ' . . 
TAD SUMA 
CIA 
TAD ~ /. THrs roRTION FINDS THE AVG.OF 
Isz QUOTl . / .TilE WIDTHS. 
00272 7510 SPA 
Q0273 5270· .. JMP:DVIDEl 
C:tli ... , • 00274 720C · . 
· .. 00275 1197 
co276· .7041 
,TAD SUMr. 
00277 1105 DVIDE2 1 
.'00300 2111 
CIA 
'rAb.·IQ 
ISZ QUOT2 
· /. Tlirs ·roRTION rniDs THE AVG. ·OF 
/THE PERIODS. · 
. 00301' 7510 
00302 5277 ·. 
. 0030,3 730C 
00304 lllb 
00305, 7010 
·00306 i110 
. 00307 7041 
00,310· ·2ioo 
'.003:11 . 1500 . 
.Q0312 7500 ' 
0031.3 ' 53·74 
•' 0¢314 1110 
. '. 003i5 .7510 ., 
. 00316 5351. 
' 0031 7 7.300 
·' 00320· 11i1 
00321 7oio 
00322. 1111 . 
0032.3 .7041 
co324· 2076 
00325 1476 
00326 7500. 
' 00327 5351 
00330 7260 
00331. 1104 
00332' 3102 
. '00333·. 1101 
00334· 3ioo 
00335 1077 
Oct336 .·3076· 
00337. 2076 
~34o 2100·' 
--.,,,. -
.·~. ' . 
~· ,, . . : 
. ·- ~~ .- . 
SPA 
. JMP DVIDE2 · · 
er.A CLL rTiiIS TuRTioN CHZGKSTiffin·ifDTH FOR 
TAD QUOTl I 5afo INCREASE.IF YES' CHECISTHE PERIOD. 
·RAR . 
TAD QUOT;!. 
CIA 
ISZ AS 
TAD I AS 
SMA . 
JMP TEST 
TAD QUOTl 
SP.It · • 
. J!IJP CONT . 
' "., 
CI.A cu.· 
·.TAD .QUOT2 
RP.R . 
TAD QUOT2 
CIA• 
ISZ TS 
. TAD I TS 
SM!I. 
JMP CONT 
INITIAL~ , CLA ·· ' 
TAD. N5 .. 
DCA COUNT 
··TAD MA 
DCA. 1.s 
... TAD MTS 
·. DCA TS 
ISZ TS 
. ISZ .AS 
I 
I THIS RlRTION CHECKS THE WIDTH . 
Z FOR '5afo DECREASE.IF YES IGNORE> THE 
I GYg:i;,it · . r • . 
/. THIS RlRTION CHECKS THE PERIOD 
Z FOR 5afo Il~CREASE. IF YES IGNORE3. 
'f. THIS CYCU. . . 
/ rins· roRTION. INITIALIZES THE. PROGRAM 
{FOR GOING THROUGH THE LOOP ,AND' SHIFTS 
' I THE' STORED. DA'lll 1 BYTE. . ·. 
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00341 2114 ISC: C 
00342 2113 1sz· DS 
00343 1513 TAD I BS 
003lili. 3500 . DCA IAS 
00345 1514 TAD IC 
00346 3476 DCA ITS 
00347 2102 ISZ·COUNT· 
00350 5337 JMP .-11 
00351 .7200 CONT, CIJ> I THIS PORTION INITIALIZES THE PROGRAM 
00352 1116 TAD Ml Z vmEN THE :UST CYCLE bF RES PIRATION 
00353 3102 DCJ, COUNT I IS IGNORED. 
00354 1115 TAD.MC 
00355 3114 DCA C. 
00356 1112 TAD MB· 
00357 3;tl3 DCA. BS 
00360 1117 TAD M165. 
00361. 3100 DCA AS· 
oc362 1120 TAD Ml.75 
00363 3076 DCA.TS 
00364 3110 DCA QUOTl 
00365 3111 DCA QUOT2 
00366 3106 DCA SUMA· 
O'.J367 3107. DCA SU~lT 
00370 6502 6502 
00371 5207 JMP SURFACE 
00372 7402 HLT 
00373 5050 JMP START ' 00374 7300 TEST, Cill CLL I THIS PORTION C!iECKS FOR 5Wo 
00375 · 1111 TAD.QUOT~ I INCREASE IN THE PERIOD. . 
00376 7010 RAR· 
00377 1111. T!Jl QUOT2 
00400 7041 CIA 
0'.l401 2076 ISZ TS 
00402 1476 TP.D I TS 
00403 7500 S!liA 
00404 5206 JMP PR;i:NT 
00405 57771 . JMP CONT 
00406 7200 PllI!lT, CLA I THIS PORTION PRINTS II AIRWAY BLOCKED" • 
00407 6046 TLS 
00410 7200 cu. 
00411 . 1521 TAD I CODE 
00412 7450 SNA 
00413 4041 JMS BE.LL 
00414 4043 JMS TYPE 
00415 2121 ISZ CODE: 
·00416 5210 JMP .-6 
00577 0350 
$ 
00177 0200 
ADD 0254 
AS 0100 .· 
. BEGJN . 0.?00 
·BELL 0041 
BS · · 0113 
' . c 0114 
CODE 0121 
COT 'Cl.351 
COUNT 0102 
DVIDEl 02.70 
DVIDE2 0277 
· INITIA 0330 · 
K207 .· 0123 
MA 0101 
MAG . 0074 
MB 0112 
}lC 0115 
MCODE 0122 
MCOUNT 0103 
~Q 0105 
NTS 0077· 
i-\W 0126 
' NY 0130 
~o. 0116 
Ml.65 0117' 
Ml.75 0120 
.M5 ' 0104 ' 
Nµl'5 ' . 0124 
P&tIOD0226 
. PRINT - o[ib6 . 
QUOTl . 0110 
. QUOT2 · Oill 
ST f.RT ' 0050 
SUMA. . . Olo6 
SUMI' 0107 
· SUR.FAG 0207 
.T . 0075 
TEST 0374 
TS . 0076 
.TYPE OCl.34 · 
w.-_ ·0125 ' 
WAIT . 0020 
y . '' 0127 
... 
"· 
" ' 
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I 
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I 
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In periphery to the computer 2 channels of the A/D 
converter and two sense switches are used. In ·channel 0 
of the A/D cbnverto·r, the respiration waveform from the 
monitor is plugged. The potentiometer connected to Channel 
1 is used for setting· the chreshold. The settings are: 
Potentiometer Setting 
1.92 -2 2.1 2·. 2 2.3 2.4 3.38 3.6 3.8.4.04 4.4 4.5 
Volts -.7. 52 -6:75 -6.51 -6·. 38 -6.15 -5 .. 42 -4 -3.5. -3 -2.5 -2 -1.5 
The first sense switch, if down, discontinues the com-
. '·'. 
puter buzzer. The second switch, if dqwn, halts the exeC:t1-
tion o'f the. program. Then, if the continue switch is 
pressed·, the program would be run from the start. 
In order to· run the program, the same switches sh.ould be 
up and ~he switch to th~ left of the register switches on 
the minicomputer should be down. The program starts at 
locat._ion so. 
